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Abstract 
Currently, investigating the bone incorporation in a biological molecular 
approach seems to be the trend on the topic of bone transplantation. But, few research 
workers have paid effort to investigate such biological event in a bio-physical 
approach. 
In this project, the concept of conductivity was applied for finding if any 
coherence between such physical property and graft vascularization. It was attempted 
that the porcine cancellous bone grafts with known conductance were transplanted into 
the tibiae of rabbits. The outcomes were assessed by the method of histological 
examination and tracer microspheres technique. Both assessment showed that the 
conductance had a positive effect on graft healing either in qualitative or quantitative 
approach. Moreover, conductance was the best parameter in predicting the healing 
process when compared with the length and porosity. 
Simultaneously, the human anterior ilium and femoral head were selected to 
determine the permeability and the results showed significant difference between the 
both anatomical sites and in different drilling directions of the femoral head. 
Since the animal experiment revealed that conductance was an important factor 
in the graft healing process, the permeability differences found in the human specimens 
study should be considered while transplanting a cancellous bone graft in clinical 
situation. However, the immature stage of such idea is necessary for further 
improvement and analysis in the future. 
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CHAPTER ONE : INTRODUCTION 
1.1 General Introduction: 
The idea of activating this project was originated from the observation in the bone fusion 
surgery. A phenomenon was noticed that after placing cancellous bone graft in-between the 
fusion sites, the surface of the graft was full of running blood immediately. It might be aware 
that there is coherence between the permeability of the graft and blood flow, that means 
whether such physical property has some effect on graft revascularization. We supposed that 
cancellous bone can function like a blood conducting media containing numerous complex 
conducting channels. 
For this study, one of the aim is to prove whether the flow conductance of processed 
cancellous grafts can affect the vessels establishment in the host-graft structure and the 
subsequent bone regeneration. The second aim is to test the flow conductance of human 
cancellous bone including the femoral heads and anterior ilium. If the above hypothesis proved 
valid in some extent, then this job would be important for the reference in clinical aspect. 
In the following sections, we shall introduce some basic knowledge related to the flow 
conductance property of the cancellous bone graft and its effect on graft healing. They are (1). 
biology of cancellous bone grafts, (2). clinical use of cancellous bone graft, and (3). application 
of flow conductance concept in a cancellous bone graft. All of these are very important for 
interpreting the results and providing some useful information. 
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1.2 BIOLOGY OF CANCELLOUS BONE GRAFTS: 
1.2.1 Biology of bone graft incorporation : 
Incorporation of a bone graft is defined as the process of envelopment and interdigitation of the 
donor bone tissue with new bone deposited by the recipient1. Urist distinguishes the 
incorporation of a bone autograft into five phases1: 
Table 1.1 Five phases of bone graft incorporation 
Phase 1 (minutes to hours) Inflammation and proliferation of cells in the 
graft beds. 
Phase 2 and 3 (one to seven days) Osteoinductive response of cells in the graft 
bed to bone morphogenic protein (BMP) in 
the bone graft (derived from osteoblasts and 
bone matrix). 
Phase 4 (months to years) Osteoconduction, mainly a process of new 
bone formation. 
Phase 5 (two to twenty years) Mechanical function 
The fate of a bone graft is influenced by many factors. Basically, these factors relate to the 
graft, the bed in which it lies, and blood supply. 
In general, the cellular responses which occur in fresh autografts are of three broad types: 
degenerative, proliferative, and differentiative. The natural history includes the following 
events: necrosis; mitosis (cell migration and differentiation); revascularization; osteogenesis; 
and remodeling. In the following sections, we will try to introduce some basic knowledge about 
the biological features involved in the incorporation phases. 
1.2.1.1 Osteogenesis: 
It is the first phase of bone regeneration. If fresh autogenous cancellous bone is transplanted, 
capillaries will sprout into the graft during mesenchymal organization of the haematoma2. The 
transplant osteoblasts proliferate initially and cause a vigorous osteogenesis in the first week. 
• • 3 Only those cells in the resulting haematoma can survive which are nourished by diffusion • 
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Even after grafting of fresh allogeneic bone, active bone regeneration occurs in the first few 
days due to the surviving osteoblasts. The transferred cells are degraded quickly as a result of 
cell-mediated immunity3. In spite of the destruction of transplanted cells, delayed osteogenesis 
takes place in the allograft. 
1.2.1.2 Vascularization: 
Revascularization of the fresh autograft occurs through microanastomoses with pre-existing 
microvessels in only a small percentage of grafts. This is especially important in cancellous bone 
and is aided in cortical bone by removal of the periosteum. Alloimplants vascularize only by 
invasion of capillary sprouts from the host bed during the process of resorption of the old 
matrix. Vascular penetration rate in an autogenic cancellous graft was calculated to maximum 
0.2 to 0.4mm/day in a rabbit model4. The timing of vascularization is according to the nature of 
the graft and is still controversial. However, most investigators agree that revasculanzation 
takes place within two weeks after transplantation in cancellous autograft, but allograft is less 
marked and needs a longer period to establish in cancellous allograft. In 1957, Striga reported 
the results of vascularization rate of different types of cancellous bone grafts in the lower 
metaphysis of rabbits.5 The results are summarized as follows: 
Table 12 Summary of vascularization rate of different types of cancellous bone grafts in a rabbits model: 
Types of bone grafts Vascularization Area involved 
Autografts Immediate Entire surface 
Allografts 10 - 15 days Incomplete 
Xenografts 20 - 25 days Small area 
1.2.1.3 Osteoinduction: 
Osteoinduction is a process of differentiation of fibroblast-like migratory mesenchymal cells 
into osteoprogenitor cells under the influence of biochemical factors of the bone matrix . Urist 
managed to obtain a bone morphogenetic protein from the matrix, which, like the transplanted 
bone matrix itself, led to an irreversible differentiation of undifferentiation mesenchymal cells 
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into osteoblasts or chondroblasts7 • New and exciting research into induction of new bone with 
various methods is currently performed. We will have to wait and see whether more research 
groups achieve better results. 
1.2.1.4 Osteoconduction: 
Osteoconduction is the three-dimensional process of ingrowth of sprouting capillaries, 
perivascular tissue, and osteoprogenitor cells from the recipient bed into the structure of a 
graft. Glass tubes, ceramics and plastics, autoclaved deproteinized bone, all provide a scaffold 
into and around which bone formation can occur. A fresh autograft also provides the structure 
for this ingrowth and additionally contains an inductive protein that stimulates osteogenesis. 
1.2.2 Histological changes of bone grafts after bone transplantation: 
In 1987, Heiple K. G. and his co-workers concluded their experience of the extensive study of 
the cancellous bone autograft and allograft in a dog model over 25 years8. And the results of 
histologic changes can be used as a reference for this study. 
1.2,2.1 Histologic pictures of cancellous autograft: 
Initially, an organization of fibrous clot envelopes the bone graft This is rapidly followed by 
absorption of the haematoma and the fibrin clot lasts one to two weeks. During this time, early 
neovascularization and new bone formation can be noticed on the surface areas of the graft. 
By the end of the second week, early fibrous tissue union in the host-graft junctions is usually 
present. Inside the graft, certain portions of the marrow are replaced with loose connective 
tissue. As the vascular invasion of the cancellous graft process, osteoblasts line the edges of 
dead trabecular and deposit a seam of osteoid, which eventually surrounds the central core of 
dead bone. 
During the period from the end of the third week to the fourth week, firm fibrous union is 
present between the host bone and the graft, and the marrow is largely replaced with loose 
connective tissue. 
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By the end of the third month, the host-graft junctions have a bridging union with either bone 
or a combination of bone and cartilage. The graft rarely will be completely resorbed and 
replaced by connective tissue. Extensive new bone is formed through out the graft, and 
remodeling is well under way with consolidation of the surface callus. 
1222 Histologic pictures of cancellous bone allograft: 
The initial histological changes of the allograft is similar to the fresh autograft. At the end of the 
first week, an immune response at the graft periphery was observed, peaking toward the end of 
the second week with predominance of lymphocytes and thereafter continuing from two to 
eight months. The regenerating vascular pattern is less marked and the inflammatory cells 
surround the vessels, which became occluded and hyalinized. A second phase of osteogenesis 
may occur four weeks after transplantation but was less successful than in the fresh autograft. 
Even at the eighth months, revascularization is less complete than in the one-month cortical 
autograft. 
At the sixth month, the allograft may be either resorbed or united to the host by weak callus 
and internally remodels very little. 
1.2.2.3 Summary of the histologic changes of bone grafts: 
In summary, the incorporation of cancellous bone autograft is characterized by rapid 
revascularization and resorption of the graft. New bone formation proceeds in a rapid and 
sequential fashion. Rapid consolidation occurs with the development of appropriate callus and 
yields a stable mechanical support. Whereas, the incorporation of cancellous allograft proceeds 
at a significantly slower rate, with ineffective osteogenesis, osteoinductive and osteoconductive 
phases. Modification of these grafts by freeze-drying or freezing appears to improve their 
function and which mainly acts as scaffolds for the ingrowth of new host bone. 
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1.3 APPLICATION OF CANCELLOUS BONE GRAFTS: 
Clinically, bone grafts are used for many different problems. In general, the clinical situation 
dictates the source and type of bone grafts to be used. Graft material is used to fill defects 
created by tumors, to promote healing when delayed union or nonunion occurs after fracture or 
osteotomy, to encourage arthrodesis, and reestablish continuity of long bone defects from any 
cause. 
Graft placement is either orthotopic (anatomically appropriate) or heterotopic (anatomically 
inappropriate). Additionally, bone grafts can constitute pure cancellous bone, pure cortical 
bone, corticocancellous bone, or osteochondral bone. 
1.3.1 Principles of graft incorporation : 
In a successful graft healing, there must require the processes of osteogenic, osteoinductive, 
and osteoconductive stages. The following is a discussion of different factors pertaining to 
graft incorporation : (1) the preparing of the operative site, (2) the graft material, (3) systemic 
factors, and (4) local factors. 
1.3.1.1 Operative site: 
The bone regeneration is a cellular-mediated response, and the operative site itself provides the 
source of viable cells. As a result, preparation of the operative site and dealing of the tissue bed 
are important for a successful graft union. The components of the tissue bed that contribute 
most to the healing process are its blood supply, inflammatory response and cells for 
osteogenesis and subsequent remodeling. Since the nature of the tissue bed does not change 
according to the anatomic site of grafting, its quality is mainly in the hands of the surgeon, 
excepting instances where there is systemic or regional pathology. 
The blood supply to the operative site is important for bone healing. It can be understood (i). as 
a source of nutrients to the healing tissue, (ii). as a vehicle for endocrine stimuli, (iii). as a 
source of endothelially derived paracrine signals, and (iv). as a conduction pathway for the 
recruitment of osteoprogenitor and inflammatory cells, which will aid in the incorporation of 
the graft material and inhibition of infection. The effect of postoperative haematoma have been 
6 
suggested that it may provide as osteoconductive meshwork on which some of the initial phases 
of healing may occur, but no strong evidence to support this hypothesis has been reported. 
The inflammatory response represents a main role in the healing process and accelerate bony 
ingrowth. It works to remove tissue debris, establish and reestablish vascular supply to the graft 
and host tissue, respectively, and produce new bone formation. After the surgical procedure, 
polymorphonuclear cells, lymphocytes, monocytes, and macrophages migrate to the fusion site 
and perform their various functions. Among these, the most important is the production of 
paracrine signals: cytokines, kinins and prostaglandins. This messages will act as chemotactic 
signals and growth factors, affecting the migration, differentiation, and activity of a variety of 
cells, as well as mediating the local blood flow and angiogenic response. Thus, the 
inflammatory response is a potent mediator of osteoinduction. 
1.3.1.2 Graft material: 
In an ideal graft, the graft material will possess osteogenic, osteoinductive, and 
osteoconductive properties1. The osteogenic potential of a graft is derived from its cellular 
content; specially, the number of viable osteoprogenitor cells and viable osteoblasts. Its 
osteoinductive potential comes from matrix proteins (especially BMP), in addition to growth 
factors and other paracrine stimuli that originate from viable cells and graft material. The 
extracellular matrix of the graft serves as an osteoconductive scaffolding on which new bone is 
to be formed. 
In the following sections, if any examples described about the bone transplantation, the spinal 
fusion surgery will be chosen as the representatives because some of the fusion operations may 
have similarities to the design of the rabbit model(details see 2.1.3). Both have similar 
characteristics in the shape of bone graft and transplantation site environment. These similarities 
are (1). The peripheral blood supply to the porcine cancellous bone is absolutely forbade by the 
silicone tubing while the cortical bone of the tricortical cancellous graft have the similar effect 
forbidding the peripheral blood supply in the early incorporation phase (Actually, the blood 
supply only disturbed in three sides and the cortical bone will be absorbed in later incorporation 
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phase that means the subsequent vascularization of the graft from surrounding will occur.). (2). 
The cancellous bone graft in both situations acts like a conducting channel block in-between the 
osseous surfaces and closely contacts to each others. 
• 
I ^ k 
animal's tibia Interbody fusion 
Loa i tud ina l sec t ion 
I — 
porcine cancellous bone tricortical cancellous 
graft surrounded by bone graft 
silicon tubing 
Cross sec t ion 
Fig. 1.1 Two similar approaches ofplacing the cancellous bone grafts into the operative sites in (1). the inter-body fusion 
surgery and (2). the rabbit model. G: graft 
1.3.1.2.1 Autogenic cancellous bone: 
Currently, autogenic cancellous bone is widely used in bone transplantation because of its 
effective potential of bone healing. By virtue of the surviving bone and marrow cells, the 
presence of bone matrix proteins, and a collagen-mineral scaffolding, autogenic bone contain 
osteogenic, osteoinductive, and osteoconductive properties necessary for successful grafting. 
8 
Additionally, the large trabecular surface area is linked together as new bone forms, offering a 
property that has been called connectivity. 
However, there are disadvantages and limitations to the use of autogenic bone. Bone harvest 
consumes operative time, and increases the risk of operative trauma, such as cutaneous nerve 
damage. There is morbidity from pain and potential deformity or infection. Moreover, the need 
of blood transfusion increases due to increased blood loss, and has to take the risk of 
subsequent complications of blood transfusion. Also, the amount of autogenic bone may be 
insufficient, particularly in children. 
1.3.1.2.2 Autogenic cortical bone: 
Cortical bone grafts are regarded as less successful than cancellous grafts based on several 
factors9 : (a). Fewer osteoblasts and osteocytes are found in cortical bone versus trabecular 
bone, and those cells seem less likely to survive because of their deep bury within the matrix, 
which prohibits the diffusion of nutrients, (b). The insufficiency of marrow cells further limits 
the degree of osteogenesis, (c). Another prominent limitation is lack of surface area per unit 
weight, which renders for new bone formation and reduces availability of oteoinductive ability, 
(d). Cortical bone works like a barrier to vascular ingrowth and bony remodeling which are 
critical to bone healing and the development of optimal mechanical strength, (e). The only 
advantage is the provision of mechanical support in the time of grafting. However, to become 
viable, the cortical bone must be replaced by creeping substitution via tunneling osteoblasts. 
But this process leads to loss of strength for one to two years. 
1.3.2.2.3 Vascularized autogenic bone grafts: 
Using vascularized grafts has shown clear advantages in a number of studies 1 0, 1 1, 1 2 .They are 
now used in some centers for orthopaedic reconstructive procedures. But, to have high rates 
of vascular patency must be achieved by experienced hands. Suitable grafts with good 
mechanical strength are available from the anterior iliac crest, fibula, or rib. Although, the 
technical difficulty really limit the using of vascular grafts, they are still highly demanded in 
some settings only to improve its incorporation. Avascular grafts, for example, incorporate very 
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poorly in areas of radiation-induced fibrosis or when radiation is given in the time of early 
postoperation. For above cases, vascularized grafts are indicated because they survive radiation 
quite well. 
1.3.2.2.4 Bone allografts: 
Use of alloimplant bone has been well characterized over the last 30 years. Fresh osteochondral 
shell allografts have been used in the hip and knee, but have no role in spinal surgery, where 
only frozen or freeze-dried bone are used. Alloimplants are mainly for avoiding the morbidity of 
bone harvest in autologous grafts, or in case that an insufficient amount of donor material is 
present. Currently, blocks and chips of cortical and cancellous bone can be obtained from bone 
banks in a relatively sufficient quantity. The important functional features of alloimplants are 
their sterility13 ’ immunogenicity, and osteoconductive and osteoinductive properties. 
Donor cells in the allogenic bone are antigens which will induce vigorous immunological 
response. Processing of the harvested bone, therefore, is necessary to remove as many cells as 
possible from the graft. Immunogenicity is reduced by freezing to -20°C14 >15. However, a 
compensation is paid in reducing the mechanical strength1 6. 
Sterility of frozen alloimplants is ensured through rapid postmortem harvesting using sterile 
surgical technique and multiple cultures. Ethylene oxide is commonly used for the sterilization. 
Heating, autoclaving, and irradiating bone are generally avoided, due to their disruption of 
matrix proteins. 
Urist has developed a protocol for preparation of chemosterilized, autolysed, antigen-extracted 
allogenic bone (AAA) to limit the immunogenicity without loss of inductive properties. Use of 
this preparation in 40 patients undergoing posterolateral lumbar spinal fusion has been reported 
with 80 per cent successful results and a pseudoarthrosis rate of 12 per cent 1 7. 
Results from other clinical and experimental studies using alloimplants bone in spinal fusion is 
controversial. Some investigators have found alloimplants significantly inferior to autogenous 
bone grafting18，19, while others find little or no difference between them 2 0 - 2 1 , 2 2 , 2 3 • 
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1.3.2.2.5 Graft adjuncts and substitutes : 
Presently, investigators are evaluating a variety of osteogenic, oteoinductive, and 
osteoconductive materials, to be used as adjuncts to and substitutes for traditional graft 
materials. 
(a). Bone marrow: 
Bone marrow is a graft substitute with defined osteogenic capability. Many investigators have 
suggested the presence of two types of osteogenic precursor cells, the determined osteogenic 
precursor cells (DOPC) and the inducible osteogenic precursor cells (IOPC)2 4 • The DOPC is a 
stem cell for the osteoblast alone and is located on bone surfaces and in maiTow stroma. The 
signal for their differentiation is unknown, but it seems to be ubiquitous in the inflammatory 
response, because marrow cells are able to form bone in almost any site. The IOPC, conversely, 
is a pluripotent stem cell capable of differentiation into an osteoblast, but only in the presence 
of inducing agent. Thus in the absence of marrow, new bone formation may occur in a variety 
of connective tissue via this inductive mechanism, provided that stem cells and an inductive 
agent are present. 
(b). Demineralized bone: 
Bone is decalcified by acids to posses greater osteoinductive activity. The hypothesis may be 
explained that bone mineral impedes the release of inductive matrix factors. However, no spinal 
applications have been reported. 
(c). Bone morphogenic protein : 
In 1978, Urist and coworkers reported the isolation of osteoinductive protein from bone matrix 
gelatin2 5. Further studies 2 6, 2 7 of this inductive factor, BMP, have made more advance in the 
research of molecular level and proved a good result in animal experiments. 
(d). Heterologous bone (Xenograft): 
At present, Kiel bone, prepared commercially from calves, has clinical application. It consists 
of partly deproteinized bone prepared from freshly killed calves. The bone is ached in water, 
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extracted with hydrogen peroxide, treated with fat solvents, and dried with acetone; it is then 
sterilized by sterilized by ethylene dioxide and tested for load-bearing compression (Kiel 
Surgibone, USA) or by Gamma radiation (Kiel Bone, Germany). 
Clinical study for the use of Kiel Bone has been reported in the surgery of anterior spinal 
fusion, but unsatisfactory results were found 2 8 • Also, clinical experience using Surgibone has 
been reported for cervical and lumber inter-body fusion 2 9 , 3 0 , 3 1 • 
(e). Ceramics: 
Hydroxyapetite (HA) and tricalcium phosphate (TCP) represent another alternative for 
promoting osseous repair or arthrodesis. These substances vary in their biological and 
biomechanical properties, but can manufactured in a variety of pore sizes and in large quantity. 
Hydroxyapatite preparations from sea coral and synthetic tricalcium phosphate are the most 
commonly used forms of bone substitutes. Pore sizes varying from 50 to 600 microns have 
been evaluated in a number of animal models and clinical circumstances. These materials have 
been shown to be biocompatible, non-toxic, and capable of creating intimate bonds with host 
bone due to their close similarity with the apatitic bone material component. HA is not 
biodegradable, but TCP is slow resorbed 3 2. 
Most authors agree that these materials posses little if any osteoinductive potential, but are 
capable of osteoconduction33 * 3 4. Both of these materials lack substantial mechanical integrity, 
and therefore depend the surrounding bony architecture to withstand applied loads during bony 
ingrowth. The currently available forms of TCP implants are mechanically suitable for anterior 
or posterior spinal fusion 3 5. The greatest potential for these materials may be as vehicles or 
delivery systems for bone inducing agents, such as marrow-derived cells or bone morphogenic 
protein. 
(f). Growth Factors: 
Recently, some growth factors have been isolated and roles for these factors include 
chemotaxis, mitogenesis, proliferation, differentiation, increased protein synthesis, and 
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inhibition of all of these parameters of cellular activity. Because the complexity of isolation and 
small quantity, growth factors are still in an experimental stage. 
13.2.3 Systemic Factors Influencing Graft incorporation : 
Many systemic factors can influence bone healing. They include the nutritional status, 
associated endocrine diseases, drug therapy (esp. cytotoxics and steroid), and sepsis etc…The 
surgeon should at least attempt to optimize each factor whenever possible. 
1.3.2.4 Local Factors Influencing Graft incorporation : 
Many local factors also influence bone healing, and a partial list of these appears in the 
following table: 
Table 13 Summary of local factors influencing graft incorporation： 
Positive factors Negative factors 
increased surface area osteoporosis 
local bone marrow tumour 
mechanical stability mechanical motion 
factors promoting angiogenesis infection 
mechanical loading local bone disease 
factors promoting induction bone wax 
1.3.3 Bone graft complications : 
Complications resulted from bone grafting and fusion are not rare. For example, extrusion of 
graft after cervical fusion, it can be associated with dysphagia, tracheal obstruction, kyphotic 
deformity, and neurological symptoms. The incidence is reported from 1.5 to 5.8 per cent . • 
It can be avoided by meticulous surgical technique. Graft collapse is another complication and 
the incidence appears to be slightly higher for allograft than autograft3 5. Moreover, the 
incidence of pseudoarthrosis after anterior cervical fusion has been reported from 0 to 26 per 
cent. Failure is reported to be greater using the dowel technique38,39，whereas the keystone 
methods described by Simmons had no cases of nonunion in one series37. It seems that the 
types of grafts, the physical properties of a graft and the surgical techniques are the main 
factors in reaching a successful bone grafting operation. 
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1.3.4 Placement of a graft: 
The graft configuration for potential healing and incorporation of the fusion is as important as 
the strength of the graft 3 7. Typical graft configurations are the tricortical graft of Smith-
Robinson, the bicortical dowel graft that Cloward popularized, or keystone bone grafts such as 
the Bailey-Bagley, Simmons, or Williams. 
鳴 ^^  ^ ^^ 
i 键 應 
Fig.J2 Tricortical graft (top), bicortical dowel graft (centre), and keystone graft (bottom). 
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1.3.5 Bone graft harvesting: 
S i n c e t h e h u m a n cancellous bone, anterior ilium and femoral head, will be harvested from 
cadaver or bone bank for the determination of conductivity, a brief introduction of bone graft 
harvesting in current clinical situation may be needed for reference. Harvesting of iliac bone 
graft and femoral head as well as their indications will be described in the following sections. 
1.3.5.1 Iliac bone graff0 : 
(a). Anterior iliac bone graft: 
A very adequate bone graft for anterior cervical spine inter-body fusion is the tricortical graft 
obtained from the anterior aspect of the iliac crest. 
The size of the graft depends on the number of levels being fused. For an inter-body fusion, a 
graft measuring 2 cm in length and 1.5 cm in depth is usually all that is required. 
External "Table" 
— ^ of Iliac Wing 
Tricortical Iliac / \ \ 
Crest Gralt "“ ^ ^ ^ / | 
For Anterior ^ ^ / 广 ^ ^ j J 
( � mcsl^ / \ 
/ Anterior \ / X Ischial 
/ Superior V / . \ Spine 
/ � jl^ ) ( z 
/ A c e t a b u l u m ' • ) / 
I ^ ^ Ischial 
I . | . Tuberosity . 
Fig. 1.3 Anterior inter-body inlay bone graft following excision of intervertebral disc. 
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(b). Posterior iliac bone graft: 
When a large amount of bone is required for the surface area being fused, or in the presence of 
a large bony defect, the outer table of the posterior iliac wing is probably the best source, other 
than the use of a femoral head allograft. 
Again the size of the graft depends on the length of the area to be fused. The graft can be cut 
into cortical strips later, with two strips measuring 1.0 to 1.3 cm in width. This means that the 
overall size of the graft is approximately 7.5 to 9.0 cm long and 5 cm wide. 
1.3.5.2 Femoral head bone allograft: 
The femoral head bone is conveniently harvested intra-operatively from patients undergoing 
unipolar arthroplasty for fractured neck of femur or from patients undergoing total hip 
replacement. The femoral heads from patients who have rheumatoid disease, metabolic disease, 
carcinoma, or any other infectious disease are not used. The indications of banked femoral 
heads used in spinal surgery are (1). insufficient autogenous bone for the required length of 
spinal fusion; (2). if the iliac crest have been used before; (3). if the iliac crest are inaccessible 
owing to halopelvic distraction apparatus; (4). autogenous bone of poor quality, e.g. patients 
with rheumatoid disease or on steroid medication for a long time etc; (5). problems cross-
matching blood or controlling haemorrhage intra-operatively, it would be dangerous to harvest 
bone from iliac crest under such conditions. 
In current state, the femoral heads are usually thawed and chopped into small fragments for 
spinal fusion 4 1. It seems seldom to use the femoral heads in a block form for transplantation 
and cannot foresee whether this situation will be changed in the future. 
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1-4 Application of flow conductance concept in a cancellous bone 
graft: 
Although the clinical work of transplanting cancellous bone grafts has been well established, the 
physical natures of these grafts were rarely concerned except the porosity and load-bearing 
compression test. After grafting, the cancellous bone acts like a fluid conducting channel which 
seems influencing the blood flow through the structure. Moreover, the graft repair, in some 
extent, is related to the volume of blood flow. Of this reason, to investigate such physical 
property in terms of flow conductance is another consideration in transplanting a cancellous 
bone graft. 
1.4.1 Physical structure of cancellous bone: 
The fine trabecular architecture of cancellous bone has been studied and the picture shew a 
lace-like framework consisting of rods and thin perforated plates joining each other with 
smooth junctions. The architecture creates a delicate but surprisingly strong structure having 
significant anisotropy. With increasing density of bone, trabecular bars become thicker and 
more closely spaced until there is a gradual and almost imperceptible transition from the most 
dense cancellous bone to porous cortical bone. In the final analysis, a sharp definition between 
cortical and cancellous bone may be impossible; however, pragmatically, this distinction 
remains important and clinically useful. 
1.4.2 Porosity of cancellous bone: 
To really reflect the permeability of a cancellous bone graft, the index of porosity is insufficient 
to cope with this. Although high porosity of a graft usually gives high permeability, it is not 
universal true. A useful and accurate concept, flow conductance, is then applied to fulfill this 
requirement and will be described in next part. 
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Calculation of porosity: 
Porosity (n), a macroscopic porous medium property, is the ratio of volume of the void space 
(U v ) to the bulk volume (U^) of a porous medium: 
n = U v / U b = 1 - U s /U b 
where U s is the volume of solids within U5. Usually the porosity，a dimentionless quantity, is 
expressed in percentage. 
1.4.3 Flow conductance concept: 
Flow conductance is defined as the volume of blood can flow through the graft per unit time 
per pressure drop. 
Conductance - Flow rate / pressure drop (cm3/s/kPa) 
Actually, the conductivity of a porous media depends on numerous factors such as: 
(i). the fluid properties e.g. viscosity; 
(ii). the solid properties - pore size distribution, shape of pores, porosity, and size of the graft 
etc.; 
(iii). the gradient of pressure across the graft. 
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CHAPTER TWO : 
MATERIAL AND METHOD 
2'1 Transplantation of cancellous bone graft - Rabbit model 
Before transplanting porcine cancellous bone grafts into the tibiae of rabbits, several measures 
of preparing the bone grafts should be done at first. They included the procedures of bone 
drilling, treating the grafts by the method of defatting and freeze-drying; and the flow 
conductance measurement. After that, suitable processed bone specimens were selected for 
grafting. 
2.1.1 Preparation of porcine cancellous bone graft: 
The source of cancellous bone could be obtained from the porcine femoral heads. They were 
conveniently bought from market in large quantities. And the preliminary testing of this kind of 
bone graft on transplantation in animal model proved acceptable before putting into the effect 
formally. 
2.1.1.1 Bone drilling: 
Initially, the fresh femoral heads were freed from muscles and soft tissues. Then, they were 
trephined by an electrical drill (Hitachi bench drill) in order to harvest the cancellous bone 
(Photo. 2.1). The procedure of bone drilling was standardized with reference to its locations 
and directions of approach. The bone could be trephined either parallel (superior-inferior) or 
perpendicular (anterior-posterior) to the femoral neck axis. The locations chosen included the 
central, medial, lateral, anterior and posterior parts and it was roughly recognized by the 
anatomical landmarks of the bone. Cylindrical specimens of 6 mm diameter were trephined out 
and were removed the portions containing cortical bone and growth plates with a rotating 
diamond saw (Low speed diamond saw, Buehler Isomet) (Photo 2.4). Lastly, the specimens 




Top view Lateral view 
Fig. 2.1 Bone drilling of different locations in superior-inferior direction (top) and anterior-posterior or lateral-medial 
direction (bottom) of porcine femoral heads. 
2.1.1.2 Defat and freeze-dry: 
For defatting, the specimens were deposited in separate test tubes with sepecially prepared 
solutions kept in ultrasonic bath. The procedures are summarized as follows: 
Table 2.1 Procedures of bone defatting: 
Day Solutions changing Time 
Day 1: 0.1% Tween 80 4 hours 
50% Ethanol 30 minutes 
70% Ethanol 30 minutes 
95% Ethanol 30 minutes 
Acetone overnight (room temperature) 
Day 2: Acetone (New) 2 hours 
95% Ethanol 30 minutes 
70% Ethanol 30 minutes 
50% Ethanol 30 minutes 
Distilled water 2 hours 
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Then, the specimens were treated in a freeze dryer (Freezer Dryer 8’ Lab Conco 75040) with 
temperature, -70°C overnight. The moisture was expected reduce to 5 per cent or less. At the 
end of treatment, the specimen was porous in nature (Photo. 2.5) and the immunogenicity was 
greatly reduced. 
2.1.2 Flow conductance measurement: 
While computing the conductance of the bone specimens, their length and porosity were also 
considered simutaneously; and such data would be useful for comparison as being a parameter 
in predicting the outcomes of bone transplantation. 
2.1.2.1 Porosity measurement: 
Before measuring the flow conductance, we were interested to know the porosity of the bone 
graft. A bone specimen was put into a test tube with distilled water and extracted the air 
bubbles inside the bone under vacuum pump for 30 minutes. Then, it was translated in a small 
beaker full of distilled water and measured the weight on an electronic balance. The weight of 
the beaker full of distilled water without bone specimen was also known. Next step was to dry 
the specimen in a centrifuge with 500 rev/min for 15 minutes. At last, measured the weight of 
the dry bone as well as the length and diameter. 
Calculation of porosity (Equation refer to 1.4.2): 
Area of bone = 3.1416 x (Diameter of bone / 2 ) 2 
Bulk volume = Weight of bone / (Area of bone x Length) 
Solid Volume = Weight of bone / ( Weight of bone + Weight of beaker with water -
Weight of beaker with water and bone) 




Photo. 2.1 The porcine femur was fixed by a metal clamp in a suitable position for obtaining the cancellous bone specimens by 
use of electrical bench drill. 
mM^ 
Photo. 22 Porcine femoral head with five cavities after drilling 
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Photo. 25 Treated cancellous bone specimens with different lengths. 
2.1.2.2 Conductance measurement: 
To know the flow conductance of a cancellous bone, a perfusion apparatus was designed (Fig. 
2.2) to achieve this goal. The treated graft was inserted into a tight fitting silicon tubing which 
was then connected to the outlet junction of a perfusion apparatus. The flow conductance could 
be determined from knowing the flow rate under the corresponding pressure drop across the 
graft which was measured by the height of liquid (normal saline) column. The flow rate could 
be calculated from the collected volume and recorded time. As a result, a graph with a slope, 
conductance, can be plotted by using the data of flow rate against the pressure drop. 
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Fig. 22 Perfusion apparatus for the measurement of/low conductance of cancellous bone graft. BHHBP 
B I m B B B M _ t! I ! 
Photo. 2.6 Cancellous bone specimen inside a tight silicon tubing was connected to the outlet junction of the conductance 
measurement apparatus. 
25 
Flow conductance of cancellous bone 
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Fig 23 An example showing the calculation of conductance (slope) i.e.flow rate/pressure drop 
2.1.3 Rabbit model 
Sixteen to eighteen weeks old male or female New Zealand white rabbits weighing between 
2.8-3.5 kilograms were used in this study. All rabbits underwent a surgical procedure under 
general anaesthesia. Intravenous 2.5% pentobarbital was used for maintenance anaesthesia. 
The left hind leg was prepared with alcohol and habitan and draped in a sterile fashion. The 
rabbits were placed in a supine position. An antero-medial approach to the lower one-third of 
the left tibia was carried out through a longitudinal skin incision. An periosteum-elevator was 
used to clear out the periosteum and the tibia was exposed. A section of tibia approximately 
equaled to the length of the graft was removed. The prepared porcine cancerous bone graft 
with known conductance kept inside a silicon tubing was transplanted in between the 
osteotomized ends (Photo. 2.8). Stainless steel plate and suture wire were used for internal 
fixation (Photo 2.9). Topical antibiotics were sprayed to the surface of the metal plate to 
prevent infection. The incision was sutured and plaster (Photo 2.10) was used for further 
stability. Postoperatively, the animals were maintained under observation until fully recovered 
from general anaesthesia. They were kept under constant observation. The plaster casts were 
removed 6 weeks after grafting. Rabbits were sacrificed for intraosseous pressure 
measurement, blood flow study and histologic examination. 
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TO 
Photo. 2.7 A section of tibia approximately equalled to the length of the graft was trying to remove. T: tibia; S: Jig saw; 
E:periosteum elevator. 
Photo. 2.8 Bone graft with known conductance inside a silicon tubing was transplanted into the tibia. (G: graft; ST: silicon 
tubing) 
27 
I '' w I 
I : • 
I ' ... J p ^ p H 
r 
2.1.4 Methods of assessment: 
The results of the bone transplantation in a rabbit model were assessed by the methods of 
intraosseous pressure (IOP) measurement, histology and blood flow study. Actually, the 
method of IOP measurement was not an assessment, it was only a preliminary test to show the 
reliability of this variable (IOP) which had the inverse proportional relationship with the 
conductance of the graft in an animal model. Furthermore, histology and blood flow study 
were the means for assessing the results in a qualitative and quantitative approach respectively. 
2.1.4.1 Intraosseous pressure measurement: 
The rabbit was placed supine with the hip in 45 degrees of abduction and 60 degrees of 
flexion. One cm above and below the transplanted site a hole was drilled with a 22 gauge 
spinal needle 40 mm in length and 0.4 mm in internal diameter through the cortex into the 
marrow. The trocar was removed and the cannula connected by a semi-rigid polythene tube 
with heparinized saline to a pressure transducer and a recording system (Fig. 2.4). The 
intramedullary pressure was recorded until a stable pressure was obtained. It was reported that 
the control pressure of the bone marrow cavity in the rabbits ranged from 20 to 60 mmHg 
(15% to 50% of the systemic blood pressure)42 . The diaphyseal marrow cavity pressure is 
found to be higher than that of the metaphysis in some instances. 
operated t ibia 
To heparin-saline 
rq f ) 
m 1 Pressure T r a n s d u c e r & 
J d r ° P Recorder 
一 1 I \A I ^ 
Fig. 24 Intraosseous pressure measurement. 
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2.1.4.2 Histologic study: 
The tibia-graft structure were dissected for histological study in several set timing after 
operations e.g. 4 weeks, 7 weeks and 9 weeks. The specimens were taken from the proximal 
junctions, grafts and distal junctions of the operated tibiae, and then prepared by simple 
histological method, H.E. staining, to be examined under microscope. 
The procedure of examining the specimens by histology summarized as follows : 
Table 2.2: procedures of preparing the specimens by histologic method 
Fixation Samples were fixed in formalin for 3 days and in 9% formic 
& decalcification acid for decalcification for one month (changed solution 
every week). 
Tissue processing Samples were put in a tissue processor (Histokinette 2000, 
Reichert-Jung); in order to let the paraffin fill the void space 
of the tissue. This process needed 15 hours. 
Embedding (Thermolyne, Every sample was embedded into a paraffin block for 
Histo-Center IIN Sybron) sectioning. 
Sectioning (Rotary Tissue was cut into 6um thickness, 
microtome, 1130/Biocut, 
Reichert-Jung) 
Staining Haematoxolin and cosin were used for staining. 
Examination Observed the histologic changes of the specimens. 
2.1.4.3 Blood flow study - use of tracer microspheres : 
The tracer deposition technique using radioactive particles of a size as to be trapped in 
arterioles or capillaries is well established as a method of measuring blood flow to various 
organs. It has been applied by several workers to measurements of flow to parts of the 
skeleton 4 3 , 4 4 , 4 5 . Although there is no ideal method for measuring bone blood flow, 
microspheres labeled with radioactive substances offer a method with few theoretical objection. 
Injected microspheres must be trapped in the small blood vessels and not flow out into the 
venous circulation. In this study, Cobalt-57 or Tin 113 (Du Pont NEN) with a diameter of 15 
microns was chosen. 
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A cannula was inserted via the carotid artery into the left ventricle. Approximately one million 
microspheres were injected into each rabbit. The injection lasted 15-20s. Simultaneously, blood 
samples, which were the standard for calculating blood flow rates, for each microsphere was 
collected through the catheter inserted into the brachial artery for one minute. Blood was 
withdrawjfrom 15s before until 15s after the infusion of the microspheres. Subsequently the 
^nimarwas sacrificed by injection of an overdose of potassium chloride. 
Both the transplanted and normal tibia bones were dissected out, removing the soft tissue as 
completely as possible. Tissue samples were taken, as shown in Figure 2.5, from sites as similar 
as possible in each animal, and were weighed wet. 
Radioactivity of tissue samples and blood samples were measured for 40 minutes using on 
Auto-Gamma-Scintillation Spectrometer. 
The amount of radioactivity in the sample blood, which was collected from the brachial artery, 
was directly proportional to the blood flow. Therefore, the following formula was used for 
calculation of the unknown blood flow (F) in ml/min/gm of wet tissue. 
I _ _ F = T / S x V ] 
T : the count per gram of tissue samples 
S : the count in blood samples 
V (ml/min): the amount of blood samples 
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Right tibia (non-operated) Left tibia (operated) 
Fig. 2.6 Parts of tibia for radioactivity counting 
NA: part of nutrient artery; G: graft; P: proximal end of osteotomized tibia; C: corresponding part to the host-graft 
structure; D: distal end of osteotomized tibia; LT: lower end of tibia 
Highlighted regions were the important parts for determining the flow rate in the tibia-graft structure. 
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2.2 Flow conductance measurement of human cancellous bone: 
The femoral heads and the iliac crest bones could be obtained from the cadaver and bone bank: 
from which the femoral heads were discarded because of HBsAg positive. Any cadaver bones 
with metabolic or bone diseases were excluded. The specimens were in any sex and the age 
ranged from 17 to 89 years in this experiment (data of human specimens see appendix).' 
For bone drilling, the anterior portion of the iliac crest bones (about 7cm long) were drilled in 
three locations (lcm apart) and two directions (superior-inferior & anterior-posterior). The 
femoral heads were drilled in five locations (central, medial, lateral, anterior & posterior) and in 
either superior-inferior direction (perpendicular to the growth plate) or lateral-medial direction 
(parallel to the growth plate). 
Other procedures for preparation of human bone specimens and conductance measurement 
were equivalent to those described under 2.1.1 - 2.1.2. 
Regardless, the conductance of the specimens obtained from the measurement could not be 
compared among themselves on account of their various lengths. Hence, the conductance of 
each specimen should be normalized in its length to attain a comparative value (permeability). 
Permeability - conductance x length x viscosity / area of bone (m2/s/kPa) 
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Lateral view Top view 
Fig.2.9 Modified diagrams showing the drilling locations and directions of both femoral head and anterior ilium. LAME: 
lateral-medial; SUIN: superior-inferior; ANPO: anterior-posterior 
Photo. 2.1 J Five cavities were left in a human femoral head which was fixed by bone cement on a wooden blockfor providing 
stability during the bone drillng. BC: bone cement. 
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Photo. 2.12 A hole was left in one of the portion of the anterior ilium after drilling. 
Photo. 2.13 Afresh cylindrical bone specimen was obtained from the human femoral head. 
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CHAPTER THREE : RESULTS 
3. 1 Results of the effects of various conductance of the grafts on 
bone healing in animal model: 
This ftrst part of the research was designed to testify the flow conductance propeI1y of 
cancellous bone on graft healing. Several methods were attempted to evaluate the outcome of 
graft transplantation. They included the intraosseous pressure, histological and blood flow 
study. They were all inter-related and would supplement to each other. 
3.1.1 Intraosseous pressure measurement 
Theoretically, the conductance of a cancellous bone graft is inversely proportional to the 
pressure drop across that graft. Actually, an experiment must be designed to suit for this 
animal model (see Chapter. 2). 
Grafts with different conductance ranged from 0.0 - 7.1 X 10-9 m3/slPa were transplanted to 
the tibiae of rabbits. Pressure difference was measured just above and below the graft 
immediately after the operations. The intraosseous pressures below the grafts dropped 
according the different conductance and the result was shown in Table 3.1 and Figure 3.1. 
Obviously, the conductance of grafts was inversely proportional to the pressure drop 
especially when grafts with conductance within 3.0 x 10-9 m3/slPa. Pressure dropped 
vigorously when conductance was less than 1.0 x 10-9 m3/slPa but became nearly steady when 
it was greater than 3.0 x 10-9 m3/slPa. 
Table 3.1 Data o/IOP measurement 
No. Conductance P. pressure D. ressure Control P Control D Pressure drop 
x 10-9 m3/slPa mmHg mmHg mmHg 
1 0.00 60 0 
2 0.00 52 6 
3 0.38 23 7 
4 0.70 39 19 
5 1.11 36 18 
6 2.66 28 24 
7 7.12 54 46 
WMre P.(Proximal)Pressure: lOP 5mm above tM graft (mean = 41.71 :tJ3.96) 
















Control P(Proximal): lOP corresponding to the level 0/ P. Pressure in the non-operated tibia (mean = 43.00 ~12) 



































































































































P difference across the grafts with various conductance, (r- -0.340) 
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3.1.2 Histological study: 
Microscopic examination of stained sections of the implanted bones harvested mainly at 4, 7 
and 9 weeks intervals revealed that fibrous tissue or fibro-osseous tissues were foraied in the 
grafts progressively with increase in time especially when grafts with higher conductance. In the 
first 2 weeks, blood clots accumulating in the pores of the implants was the rule. At 4, 7 and 9 
weeks, the tissues present in the porous cancellous bone might be blood clots, fibro-osseous 
pleomorphic cells ( fibroblast-like and osteoblast-like cells ) and variable extents of trabecular 
bone formation. 
It was believed that graft healing was time-dependent and its conductance property could 
influence the outcomes of the histologic picture. In the 4w and 7w groups, there showed similar 
histologic changes of graft healing process according to different flow conductance of the 
grafts. It was observed when conductance at about 3.0 x 10 9 m3/s/Pa was the critical point to 
produce a viable graft or not (i.e. fibrous union or nonunion). However, in the 9w group, 
infiltration of osteoid tissue and woven bone into the pores of the implant was significantly 
enhanced by very high conductance ( > 4.0 x 10_9 m3/s/Pa ). This observation was not evident 
at periods of 4 and 7 weeks and only fibrous union occurred even a high conductance ( > 3.0 x 
lO 9 m3/s/Pa ) of the graft was used. When the timing prolonged to 9 weeks long, even a 
relative lower conductance of the graft ( ~ 1.5 x 10~9 m3/s/Pa) had the same effect to that of 
doubled conductance at 4 and 7 weeks. Of course, nonunion could also be found especially 
when conductance of the graft < 1.5 x 10 9 m3/s/Pa and blood clot formed in the proximal 
junction was the typical picture. The typical results were shown in Photo. 3.3 to 3.7. (all the 
photographs are chosen from the 9 weeks group because of their various typical histological 
pictures.) 
After describing the histological pictures, a graft healing score system was used to categorize 
whether the graft was viable or not. The scoring was defined as follows : 
0 : nonunion 
1 ： fibrous union at the proximal junction 
2 ： union with new bone formation 
3 ： unions at both junctions 
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And point 0 classified as non-viable while equal to point 1 or above classified as viable. The 
classification and grading of the grafts are shown in Table 3.2 and Figure 3.2. 
Alternatively, an approach of determining the threshold conductance of each group was used 
for evaluating the effect of different conductivity of bone grafts on graft healing. In this study, 
through observation several brief data were collected to figure out the threshold value which 
was by taking the mean between the highest point in the non-viable group and the lowest point 
in the viable group. The thresholds of the conductance were found as 2.5, 2.95 ans 1.4 x 10 9 
m3/s/Pa in the 4w, 7w ans 9w groups respectively. But no threshold of length and porosity 
could be determined except 0.295 cm and 0.525 in their 4w groups respectively. The results of 
finding the thresholds of the parameters (conductance, length and porosity) were shown in 
Fig. 3.2a-c. 
Table 3.2(a) 4 weeks group: 
Weeks Length (cm) Porosity Conductance Healing score Viable(V) or 
x 1Q' 9 m3/s/Pa (00} non-viabIe(x) 
4 / GP 0 0 0 X 
4 0.547 0.42 _07 0 x 
4 0.463 043 0 9 0 x 
4 0.308 052 LO 0 x 
4 0.296 050 LO 0 x 
4 0.394 047 1.2 0 x 
4 0.390 046 L7 0 x 
4 0.520 049 2,0 0 x 
4 0.424 0.47 2.0 0 x 
4 0.228 0,53 3,0 1 ^ 
4 0.297 061 3J 1 ^ 
4 0.214 0.52 I 6.3 I 1 ^ 
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Table 3.2(b) 7 weeks group: 
Weeks Length (on) Porosity Conductance Healing score Viable(^)or 
xl0. 9m 3/s/Pa (0^} noii-viable(x) 
_ 7 0.695 0.24 0.0 0 x 
1 0,512 048 LQ^ Q — x 
7 0 . 4 3 8 0 3 7 _ 1.1 Q 
Z 0 3 2 6 0 4 4 y p "" x ~ 
7 0.557 048 1.4 — Q ^ 
7 0.293 058 1.8 Q ‘ 
7 0285 058 ZQ — Q ~ x 
7 0 2 0 1 0 5 1 2 . 1 — Q x 
7 0.265 058 18 1 z 
7 0.268 053 4A 1 z 
7 0.295 071 6,0 1 , 
I 7 丨 0 . 1 6 2 0 . 4 8 丨 6 . 5 丨 1 Z 
Table 32(c) 9 weeks group: 
Weeks Length (cm) Porosity Conductance Healing score Viable(V) or 
x 10'9 m3/s/Pa (0^} non-viable(x) 
9 / G P OO 0 X 
9 0.695 029 OA 0 x 
9 0.612 034 05 1 V 
9 0.576 040 0 9 0 x 
9 0.198 048 U 0 x 
9 0.580 054 L7 2 Z 
9 0.482 054 2A 1 ^ 
9 0.205 040 Z6 1 ^ 
9 0.201 0£7 4 0 2 ^ 
9 0.214 046 5A 1 ^ 
9 0.138 0.40 8.4 3 ^ 
9 0.124 0.60 10.6 I 3 丨 Z | 
NB. GP : growth plate 
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Photo. 3.1 Cross appearance of the operated tibia 9 weeks after operation. (C: callus; P: metal plate) 
Photo. 32 Internal appearance of the host-graft structure after removing external callus and the silicon tubing. This was a graft 
of low conductance 9w after operation which showed in dark-red colour.(P: proximal osteotomized tibia; G: graft; 
D: distal osteotomized tibia) 
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Photo. 33 The longitudinal section of the tibia-graft structure. This was a graft of high conductance 9w after operation which 
appeared in light-red colour (contrast to the previous photo.) 
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Photo 3.4a Histological section (5x) of graft with very high conductance (10.6 x 10'9 n^ls/Pa). (P: proximal osteotomized tibia; G: 
graft; D: distal osteotomized tibia) 
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Photo.3 4b Histological section (25x) of above marked region. This thin graft was nearly resorbed and new bone ingrowth was 
formed into the medullary cavity of the distal osteotomized tibia. (P: proximal osteotormzed tibia; G: graft 
remnant?; D: distal osteotorruzed tibia) 
f t ; 说 滅 
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Photo. 3.4c Histological section (lOOx) of the above marked region. (P: proximal osteotomized tibia; G: graft remnant?; OB: 
osteoblast; NB: new bone; D: distal osteotomized tibia) 
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Photo. 3.5a Histological section (5x) of graft with conductance 1.7 x 10'9 m3lslPa 9w after operation (P: proximal osteotomized 
tibia; G: graft; D: distal osteotomized tibia) 
M fe^M 
Photo. 3.5b Histological section (25x) of the above marked region (proximal junction). 
NB: new bonw; BV: blood vessels; T: irabeculae of the cancellous bone graft. 
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Photo J Jc Histological section (lOOx) of the above marked region. 
OS:ostoid? or fibroblasts?: BV: blood vessels; T: trabeculae of the cancellous bone graft. 
Photo.3.5d Histological section (25x) of the marked region in Photo. 3Ja (distal junction). 
Non-union was found in the distal junction and a large amount offibrous tissue formed inside the lacunnae of the 
cancellous bone graft. 
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Photo. 3.5e Histological section (lOOx) of the above marked region 
Fibrous tissue formed inside the lacunnae of the cancellous bone graft. 
Photo 3 6 Histological section (25x) ofgrafi with low conductance (0.5 x W9 n^lslPa) Rafter operation. Nonunion occurred 
in the proximal junction and blood clot formed inside the lacunnae ofthe cancellous bone graft. P: proximal 
osteotomized tibia: BC: blood clot. 
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Photo.3.7a Histological section (5x) of graft with growth plate (zero conductance) 9w after operation. Nonunion was found in 
proximal junction. 
圓 
Photo. 3.7b Histological section (JOOx) of above marked region. 
BC: blood dot; GP: growth plate; FD: fatty tissue debris still remained inside the lacunnae. 
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Comparison Of t h e t h r e s h o l d s o f 4. 7 and Q werfc^ groups wh^n 
a s parampt-py 
-• 口 p • — • • • — • a 
9w 
- - • - • • • 
7w 厂 
• non-viable 11 n-H—a-M 
~ D ~ viable 
- • • • • 
4w 
1 1 • - • • - • — • 一 • 
^ ,： I J I > s 1 1 1 ‘ > 
0 2 4 6 8 10 12 
Oonchactanoe x 10E-9 znl/s/^a 
Fig. 32a The dependence of graft incorporation on flow conductance. 
4w group: a threshold lies between 2.0 and 3.0 x 10'9 rr?IslPa (mean threshold- 2.5 x 10'9 n^lslPa,尸 
7w group: a threshold lies between 2.1 and 3.8 x 10'9 n^/s/Pa (mean threshold -2.95 x W9 n^/s/Pa, P<0.05) 
9w group: a threshold lies between 1.1 and 1.7x 10'9 n^/s/Pa (mean threshold- 1.4 x 10'9 n^/s/Pa, P<0.05) 
NJB. The point in the viable group o/9w group below threshold: graft wrongly classified when flow conductance was 
used as the predictor 
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CQnparUgn of th^hn^g of 4 . 7 »nrt 9 ^ ^ 
paramatiftT» 
DO CD3 • 口 
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• • • 
• ID—• 
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• _ — — • • • • —
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DO tp 
4w 1 M• ‘ • • • 
— . . . 
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
l e n g t h (cm) 
Fig- 3.2b The dependence ofgrafi incorporation on length. 
4w group: mean threshold - 0.295 cm, P<0.05 
7w group: no mean threshold can be found 
9w group: no mean threshold can be found. 
Comparison Of thresholds Qf 4. 7 and 9 weeks arovmR whon tv^i-oiHfv as thg 
param«»t--gr 
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P o r o s i t y 
Fig, 3,2c The dependence of graft incorporation on porosity. 
4w group: mean threshold - 0525, P<0.05. 
7w group: no mean threshold can be found 
9w group: no mean threshold can be found 
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3.1.3 Blood flow study of cancellous bone grafts 
Before investigating the blood flow rate of the bone graft by using the radioactive tracer 
microspheres, a preliminary test was carried out to ensure the radioactivity of the distal end of 
a fractured tibia. From the result of this testing, radioactivity of the distal end of the fractured 
site was present either in 4w, 7w or 9w group, then it was believed that the validity of this 
method should also be workable in the tibia-graft structure model. 
Rabbits of 2, 4’ 7 and 9 weeks were used to measure the blood flow in the operated tibia as 
well as the non-operated one. The result are shown in Table 3.3 and Figure 3.3. Since the 
blood flow to the part of nutrient artery of tibia (main source of blood supply) was not in a 
constant level, the separate blood flow to the graft-tibia structure was normalized by the flow 
rate in the part of nutrient artery to give a relative flow rate for comparison. 
For the 2 weeks group, no blood flow could be found in the grafts (three rabbits only and no 
grafts with very high conductance). For the 4 and 7 weeks groups, the blood flow in grafts 
increased steadily when the conductance was higher than 2.0 x 10 - 9 m3/s/Pa. For 9 week 
group, the blood flow increased vigorously when the conductance was higher than 1.7 x 10"9 
m3/s/Pa. On the other hand, the blood flow in the proximal and distal osteotomized tibia did 
not show any change in blood flow with different grafts. The average blood flow to the 
proximal tibia was greater than that of distal one and sometimes no blood flow could be 
detected there. From the result of the last three groups, a clear trend is shown that a high 
conductance gives a high blood flow. 
As a parameter, the length and porosity of the cancellous bone grafts appeared not great 
extent as conductance in the effect of vascularization of the grafts. This phenomenon was 
constant with the histological study. The results of the relationship between vascularization 
rate of the grafts and length or porosity showed in the Fig. 3.7 - 3.8. 
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Table 33 data of blood flow study 
Weeks length porosity conductance P/NA G/NA D/NA 
(cm) x 10-9 m 3/s/Pa 
？ 0 . 5 3 0 .45 L I 2 . 3 8 ~ 0 .00 0 .35 
_ 2 0 . 6 0 0 . 3 2 U L 9 1 0 .00 
_ 2 0 . 2 9 0 . 4 2 1.6 0 .98 0 .00 0 .00 
_ 4 0 . 4 6 0 . 4 3 0 9 2 , 1 9 0 . 0 0 奮 Q . 0 Q _ 
_ 4 0 . 3 1 0 . 5 0 L 0 2 ,90 0 .00 奮 0A2_ 
_ _ 4 0 - 3 0 0 . 5 2 L 0 2 . 9 2 Q.QQ 0 ^ 0 5 _ 
_ 4 0 .21 0 . 4 6 L 2 5 .80 0 ,00 0 ^ 0 0 _ 
_ 4 0 . 5 2 0 .49 2J0 1.62 0 , 1 5 — 0.21 
4 0 . 3 0 0 .61 4 , 0 2 .07 0 .76 0 . 4 0 — 
4 0 .21 0 . 5 2 6 3 2 .06 5 .59 0 .18 
7 0 . 7 0 0 . 2 4 OO 2 .60 0 .00 0 .62 
I 0 . 5 6 0 .48 L 4 2 .74 0 .00 0.07 
7 0 . 2 9 0 .58 L 7 2 .17 0 . 0 7 2 0 .00 
7 0 . 2 0 0 .43 2 A 2 .77 0 . 4 2 0 .00 
7 0 .27 0 . 5 0 3,8 1.23 0 .27 0 .00 
7 0 .27 0 .53 4 1 4 .56 0 .36 0 .00 
7 0 . 3 0 0 .71 6 ,0 3 .07 1.54 3 .32 
9 / GP OO 0 .87 0 .00 0 .08 
9 0 . 7 0 0 .29 0 1 2 .49 0 .21 0.87 
9 0 .61 0 . 3 4 0 5 7 .82 2 .44 0.47 
9 0 .58 0 . 4 0 0 9 2 .34 0 .48 0 .18 
9 0 . 8 9 0 .48 L 6 5 .90 0 .82 1.96 
9 0 . 3 2 0 .48 L 7 3 .54 5 .33 0 .25 
9 0 .21 0 .40 2.6 4 .35 16.62 2 . 8 L | 
p： Blood flow rate in the proximal osteotomized tibia 
G : Blood flow rate in the graft 
D : Blood flow rate in the distal osteotomized tibia 
NA: Blood flow rate in the pait of nutrient aiteiy 
GP: Graft with growth plate 
fur ther data see Appendix) 
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The relative flow rate of the fractured model (no bone graft) of different groups 
2 . 5 t 1 " I 
f ^ m i m 
JKM H P ^ i 
1.5- j f l B B I H H [ ^ ^ ^ H B ^ l . i: • P/NA 
1- G . H ^ H • M D/NA 
^ • • 
oJJH__UHB1 l / H M UHHB 
lw 4w 7w 9w 
Group 
The relative flow rate in the fractured tibia 4w, 7 w and 9w after operation. 
The relative flow rate in the tibia-graft structure of 4w group 
relative flow rate 
6t1 M ~ ~ 
s
- 春 I 
^ ：； 圓 门 
F 9 1 ED P/NA 3
_ _ _ I' _ 
9 奮 奮 F M M EL D/NA 
_ ‘ ' ffl N F l —— 
0 1 09 1 1 ' 1 _ L2 ' 2 • 4 • 6.3 r 
Grafts with different conductance (x E-9 ml/s/Pa) 
Fig. 3.4a The relative flow rate in the tibia-graft structure of 4w group. 
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The relative flow rate of the tibia-graft structure of 7w group 
relative flow rate 
5 i T — 
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grafts with different conductance (x E-9 ml/s/Pa) 
Fig, 3.4b The relative flow rate in the tibia-graft structure of7w group. 
The relative flow rate of the tibia-graft structure of 9w group 
relative flow rate 
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Fig. 3S The relative flow rate in the graft of4w, 7w and 9w group. 
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4w group - conductance as the parameter Ij i 
妄嘗 T .. - '.:： I ^ S l i conductance 
S 芸 3 十 / ~ * ~ ~ G/NA 丨:Lm^U 
1 2 3 4 5 6 7 
no. of case 
Hg- 3.6a A significant direct proportional relationship is shown between the conductance and 
relative flow rate in graft of4w group, (r =s 0.9090, P - 0.005) 
7w group - conductance as the parameter 
6 丁 i , i . , . , . , : . ,」 o B 
© 5 --0 
a. 4 
� o I . I 
^ "5 LMMMJ conductance 
<> 奮 3 -^ 6 . M G / N A 
厶®= 
8 2 -• . ____: r
-
c • B r : i l l i 1 卜 i l l , . i i � : : o HB^ ^ ° 0 -I • 1 1:::::::::奮:::::::::1 奮 奮奮-::::::::.::::奮:::.:奮奮奮奮奮奮, 
1 2 3 4 5 6 7 
no. of case 
pig A quite significant direct proportional relationship is shown between the conductance and 
relative flow rate in grafl of7w group, (r = 0.8408, P - 0.018) 
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4w group - conductance as the parameter 
30 奮 
I； _ ^ 
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Fig. 3.6c A significant direct proportional relationship is shown between the conductance and 
relative flow rate in graft of9w group, (r = 0.9090, P = 0.005) 
4w group - length as the parameter 
6 奮 
1 5 - j 
1 4 » / 
O / _:::祸:::::::::::1 lenath(mm) 
2 3-- r r - n mmm/ 
o 疆聽 _ / ~~”~~G/NA 
I ; - . 门 / n 
c 1 •• • • w：：：:;：:  ;：;：:?;：;； m m - m 
o ]•奮奮奮奮奮I 奮奮奮奮I • I • -H-^*^ ^ I奮 — 奮 奮 奮 | 
1 2 3 4 5 6 7 
no. of case 
p-g 2.7a No significant inverse proportional relationship is shown between the length and 
relative/low rate in graft of4w group, (r = -0.4517, P = 0309) 
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7w - length as the parameter 
7 丁「 : : : .發 
O c . . 
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Fig- 3.7b No significant inverse proportional relationship is shown between the length and 
relative flow rate in graft of7w group, (r - -0.4146, P : 0J55) 
9w group - length as the parameter 
_ / n 
5 10 j- / [ 1 1 1 1 length 
O 8 I / ~ • ~ ~ G/NA 
1 2 3 4 5 6 
no. of case 
pig j#7c No significant inverse proportional relationship is shown between the length and 
relative flow rate in graft of9w group, (r = -0.4517, P = 0309) 
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4w group - porosity as the parameter 
7 奮 
Is- _ pr-n • 
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Fig. 3.8a No significant direct proportional relationship is shown between the porosity and 
relative flow rate in graft of 7M/ group, (r - 0.2348, P = 0.612) 
7w group - porosity as the parameter 
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―^ 3 ：�：�：�：�：�：�：�：�：�：�：�：�：�：�： - � � �：�：�：�：�：�：�：�： �：��：；：|；^-：-：��：：：�� 
s - / j ：:：:：:：;：:：:：:：:：:：:：:：:：:：:： :：-：|：:>：:：:：:：:：:：:：'；'：-； ：:：:：-：'：:：：：:：'：-：:：-：-：:：:； :：:：:：:：:：:-:：:：:-:：:-:-:：:：: 
l l - 1奮奮奮奮 奮 奮 奮 
m^m —�:::::::1.:;::::::—-iiiiii •‘ 奮 
0 l : n I 奮r m I奮奮奮1奮I"…奮奮奮e 奮 奮  奮  1奮奮, | | 1 2 3 4 5 6 7 
no. of case 
pig 丑抑 No significant direct proportional relationship is shown between the porosity and 
relative flow rate in graft of7w group, (r = 0.6920, P = 0.085) 
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9w group - porosity as the parameter 
_ / ^ 
2 1 0 T / m m r n ] porosity 
Q 8 I / “ ~ G/NA 
! 6 „ J 1 1 
a : F O ^ 奮 奮 ^ f : . 
1 2 3 4 5 6 
no. of case 
Fig. 3.8c No significant direct proportional relationship is shown between the porosity and 
relative flow rate in graft of9w group, (r = 0.2348,尸=0.612) 
61 
3.2 Human specimens study: 
The detennination of fluid conductance of human cancellous bone is not a well related section, 
it is worth to pay much effort on this work as the conductance property of cancellous bone 
graft has been proved having a positive effect on graft healing an animal models. 
For comparison of different drilling directions in both anterior ilium and femoral head, the 
relationship between the permeability and porosity was plotted in Fig. 3.5. The 
permeability either in anterior-posterior or superior-inferior direction of anterior ilium 
showed little differences (especially when porosity between 0.5 and 0.7). But the 
permeability in superior-inferior direction (perpendicular to the growth plate) was two 
times greater than that in the lateral-medial direction (parallel to the growth plate) of 
femoral head. Furthermore, the permeability of anterior ilium was two times and four times 
greater than that in superior-inferior and lateral-medial direction of femoral head 
respectively. As a result, the comparison of permeability among them were in the following 
sequence (when porosity = 0.6): 
IANPO - IsUIN > FSUIN > FLAME 
4 4 2 1 
IANPO : permeability of anterior ilium in anterior-posterior drilling direction 
(r = 0.895, P < 0.05) 
ISUIN : permeability of anterior ilium in superior-inferior drilling direction 
(r = 0.822, P < 0.05) 
FSUIN : permeability of femoral head in superior-inferior drilling direction 
(r = 0.525, P < 0.001) 
FLAME: permeability of femoral head in lateral-medial drilling direction 
(r = 0.823, P < 0.05) 
62 
Permeability 
4.0E.6 奮 ( n r 2 /_ / P” 





奮 2.0E-6 — _ fol 奮 m m is 奮 
- m 奮 
奮 si n 
1.0E-6 — 奮 
U U 奮 
_ u 
奮 m 0.0E+0 1 1 1 1 1 1 1 
0.41 0.51 0.81 0.71 
POROSITY 









2.0E-8 — 奮 
奮 奮 奮 奮 ^ 1 
_ 奮 奮 @ 
奮奮奮奮 奮奮奮J{奮 
1.0E-6 — 奮奮 奮 奮 奮奮奮 
奮 奮 _ m 奮 奮 奮 
奮 奮 奮奮奮 1 
-  奮 奮 n 奮 
m ID g 奮6 %k 奮 
O.OE^ O ^ ~ 奮奮 | 奮 | 奮奮奮奮 — — | — — , — — 奮 — — ^ 
0.33 0.43 0.53 0.63 0.73 
POROSITY 
pig j jo The comparison of the permeability of femoral head in supers-inferior (SUJN) and lateral-medial (LAME) drilling 
directions. 
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Fig. 3.11 The comparison of the permeability of anterior ilium and femoral head. 
ICSUIN: Permeability of anterior ilium with superior-inferior drilling direction (y = -12 E-7 + 5.7 E-6x) 
ICANPO: Permeability of anterior ilium with anterior-posterior drilling direction (y = -4.0 E-6 + 1.0 E-5x) 
FHSUIN: Permeability of femoral head with superior-inferior drilling direction (y = -9.7 £-7 + 2.4 E-6x) 
FHLAME: Permeability of femoral head with lateral-medial drilling direction (y = -8.9 E-7 + 3.5 E'6x) 
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CHAPTER FOUR : DISCUSSION 
4.1 Discussion of the results in vivo study 
There are three parts of results on the discussion for interpreting the effects of the flow 
conductance property on graft healing in animal model: (1). intraosseous pressure 
measurement - a baseline study; (2). histological study; (3). blood flow study. 
4.1.1 Intraosseous pressure measurement • a baseline study 
Cancellous bone graft acts like a conducting channel which affect the blood flow through it 
and the subsequent intraosseous pressure (lOP) drop across the graft. Mathematically, the 
flow conductance property is defined as the volume of blood flow that could flow through the 
graft per unit time per unit pressure drop. Alternatively, it can be shown that lOP is 
proportional to the blood flow and inversely proportional to the conductance. Before 
examining the graft healing effect by the conductance property, such mathematical relations 
should also fulfill in the animal model i.e. the aim of this baseline study. 
It has been stated that lOP is directly related to the blood flow in the marrow46•47 , a high flow 
rate should be associated with a high pressure and low flow rate with a low pressure. If we 
could show that it was inversely proportional to the conductance, then we could use such 
relations to explain the results in the next two sections. 
In this study, lOP was measured immediately after transplanting grafts with different 
conductance in the tibia. The whole process of measuring the lOP of the operated and non-
operated tibia was less than 45 minutes for each rabbit. It was convenient to measure the 
pressure difference across that graft due to the large amount of blood coming from the 
proximal junction to the distal one just after operation, but the drawback was that it could not 
directly represent the actual blood flow picture during the subsequent time of vascularization. 
From the result, the lOP dropped sharply when grafts with conductance less than 2.7 x 10-9 
m3/s/pa were observed. This could indicate that the conductance property of a graft might 
affect the lOP or the blood flow. Although it showed an inversely proportional relation 
between the conductance and lOP drop, the P-value was not significant (P = 0.170, i.e. P > 
0.05). It could be explained by a small number of rabbits (7 rabbits). Moreover, there a 
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probable inaccurate factor was added in the experiment which related to the difficulty of 
inserting the cannula into the mairow cavity. The size of the cannula would detennine to 
some extent the degree of trauma produced. The larger the cannula the greater the number and 
variety of vessels that may be damaged within mairow. That was likely to reduce the reliability 
of the value recorded until the pressure to become steady. 
From this study, it was indirectly shown that flow conductance property of cancellous bone 
grafts should have the relations to IOP and blood flow. Actually, it was a simple but not 
strictly accurate experiment. We did not put thorough effort on it and therefore we just used a 
small number of rabbits for this study. Nevertheless, the basic aim was achieved and the results 
were useful for the inteipretation of further animal experiment. 
4.1.2 Effects of flow conductance of porcine cancellous grafts on bone regeneration 
There are two approaches of interpreting and correlating the histological findings with the 
flow conductance of cancellous graft which may play an important role in the process of graft 
healing. The first approach is the establishment of the threshold conductance and the second 
one is the evaluation of histological score:-
4.12.1. Threshold conductance 
The 4, 7 and 9 weeks groups had worked out their own threshold conductance. In the healing 
process, vascularization and subsequent graft healing occurred dependently in those grafts 
where the conductance of the graft was over the critical threshold in that period, since the 
mean threshold of each group was calculated from the critical ranges of conductance 
producing a viable graft. The critical ranges of conductance are shown as follows: 
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Table 4.1 Comparison o/thresholds conductance o/the 4,7 and 9 weeks groups 
Groups Critical range Absolute range Mean 
xlO-9 m3/s/Pa x 10-9 x 10-9 m3/s/Pa 
4w 2.0 - 3.0 1.0 2.5 
7w 2.1 - 3.8 1.7 2.95 (2.5)* ' 
9w 1.1 - 1.7 0.6 1.4 
* : It is the adjusted threshold and is still acceptable after the statistical analysis. 
The mean threshold conductance of the 7 weeks group (2.95 x 10-9 m3/s/Pa) is higher than that 
of the 4 weeks group (2.5 x 10-9 m3/s/Pa). This does not seem reasonable that the longer period 
of time should have presented a higher threshold conductance needed for a viable graft. 
However, it may be illustrated by existing a wide critical range of threshold (2.1 to 3.8 x 10-9 
m3/slPa). Then another value is chosen, which equivalent to the 4 weeks group and this was 
analyzed by using the statistic method. The adjusted threshold conductance of 2.5 x 10-9 
m3/slPa was therefore acceptably worked out. After this adjustment, the 4 and 7 weeks groups 
have the same threshold which was different from that of the 9 weeks group (1.4 x 10-9 
m3/slPa).To explain the thresholds of the 4 and 7 weeks groups being greater than that of the 9 
weeks group, it is postulated that the longer the time taken for graft healing the lower 
conductance being possessed. However, each group did demonstrate that the conductance 
below the thresholds, nonunion would be the result. Also, the threshold of the 9 weeks group 
was found similar to the observations(threshold conductance = 1.5 x 10-9 m3/s/Pa) of a previous 
worker Dr. P.W. Hui (1992)48. We tend to believe that finding the accurate threshold 
conductance was not the main point but to be able to show the conductance of cancellous graft 
that might have a positive effect on graft healing when it reaches over the threshold is the most 
importan t task. 
4.1.2.2. Histological score 
According to the results, grafts with subthreshold conductance are usually point 0 and those 
grater than the threshold conductance are usually point 1 and some grafts with very high 
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conductance could get point 2 or 3. A clear relationship of higher conductance with a higher 
histological score is observed. 
™e 42 Distribulion of histological score in the 4w, 7w and 9w groups (details see Table 3 2) 
G/C/S _ Q I 1 I 2 I ~ ~ 
^L 9/12 (<2.5) 3/12 (3.0-6.3) 0/12 0/12 一 
——7w 8/12 «2.5) 3/12 (3.8-6.0) 1/12 (6.5) 0/12 
_
9 丄 _ _ 4 / 1 2 (<1.4) 4/12 (2.1-2.6)* 2/12 (1.7-4.0) 2/12 (8.4-10.6) 
N B ' v a l u e i n s i d e t h e blanket ( ) : conductance x W9 m3/s/Pa; G: group; C: no. of case; S: score. 
* •• T w o ^ a r e o u t ° f t h e reasonable range, one with subthreshold conductance (05 x 10'9 rr?lsl?a) and the other wUh very high conductance (5.1 x 10'9 n^lslPa) 
From the above table, however, we find that nearly all grafts with threshold conductance are 
classified as point l(fibrous union at the proximal junction) and only those with very high 
conductance in the 9w group possessed enhanced osseous union. These observations could be 
explained as follows: 
(1). Stabilization of tibia-graft structure might not be perfectly adequate to permit primary 
osseous union; the abundant vascular flow required for osseous repair failed to establish. (2). 
Furthermore, the silicon tubing devascularized the periosteal arterioles which supply the outer 
third of diaphyseal cortex while the endosteal blood supply might not provide enough blood 
supply for the graft healing in the diaphyseal part, (details of blood supply to the tibia see next 
section) (3). However, there was adequate local stability for the development of 
fibrocartilaginous union, which required much less vascularization. (4). Eventually there would 
be solid osseous union if adequate external support of the transplanted site is continued e.g. > 9 
weeks. 
Although there were limitations in the animal model for promoting an osseous union due to the 
insufficient blood supply unless the grafts have very high conductance (it might be clarified that 
the fast rate of vascularization provided sufficient blood supply for osseous union), it was still 
acceptable for the aim of this experiment to know whether grafts with higher conductance 
could obtain a higher histological score. 
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4.1.3 Discussion of graft healing from the blood flow study 
In the previous section, we have discussed the effects of conductance property of cancellous 
bone grafts on histologic changes. In this section (the discussion of blood flow study), a 
quantitative approach is selected to evaluate the vascularization rate which could be influenced 
by different conductance of the grafts. 
4.1.3.1 Tibia blood supply in relation to bone healing 
To explain the effect of different flow conductance of graft on graft vascularization, an 
understanding of the blood supply to the tibia of mammalian animal is important for interpreting 
the result. 
A diagrammatic representation of the afferent vascular system of a long-bone is presented in 
Fig. 4.1. 
(1). The principal nutrient artery transverses the diaphyseal cortex directly to enter the maiTow 
cavity. There it divides into ascending and descending medullary arteries, subdividing into 
arterioles which are distributed to all area of the endosteal surface, to provide the major supply 
of all diaphyseal cortex. (2). The metaphyseal arteries are multiple. They supply the metaphysis 
at each end of the long-bone. Terminal branches of the metaphyseal arteries enter the proximal 
and distal extremities of the medullary cavity to anastomose with terminal branches of the 
ascending and descending medullary arteries. (3). The periosteal arterioles supply the outer 
third of diaphyseal cortex in certain areas (Fig. 4.2). (4). Transitory extraosseous blood supply 
of healing bone starts to develop immediately after fracture. It arises first from torn blood 
vessels in the vicinity of the fracture, where it is required for external haematoma organization 
and periosteal callus formation around most of the bone because the medullary arterial supply 
cannot function outside the cortex, and periosteal arterioles are localized to fascial attachment. 
The extraosseous supply may become very extensive as healing of fracture progress49 • 
70 
flt hPf lVY c o r f p y h o n o ^ h i n o . o l y arrachmftnt r Q r 1 ^ ^ r r i 1 l T 1 
principal ( ^ ~ ^ 个 < ^ 
nutrient a
 v v
 I I w^m^m^mIm^^ ^^ ^ 
_ J _ J ascending medullary a. 
^ r n 
p e r i o s t e a l《 I I I I | descending medullary a. 
A
 7
~ 一 arterioles derived 
arterioles I I I 、 奮 奮 奮 I from medullary a. 
derived from I J | I 、f、、 
medullary a. ”.奮 、 , " t o periosteal capillaries 
• «•IIIU I ..I \ 
metaphyseal a. \ 
anastomosis 
Fig- 41 Diairam showing the distribution of the afferent vascular system a mature long-bone. Components (1), (2), and (3) are its 
sotirces of blood from the general arterial circulation. The arrows indicate the direction of blood flow. (Rhinelander, 1974) 
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cortex everywhere except at firm 奮‘>•奮 
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the periosteal surface. (Rhinelander X / . I 
arui Wilson, 1979) ^ ^ 
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4.1.3.2 Effect of differentflow conductance on bloodflow changes in the tibia-graft 
structure . 
In the process of introducing the radioactive microspheres into the rabbits, the intraventricular 
pressure (left ventricle) was measured in each animal simultaneously. The pressure could 
indirectly reflect the arterial pressure in the tibia and the mean value was found arround 98.95 
+8.91 mmHg which was acceptable for providing a constant range of arterial pressure in 
determining the relationship between the conductance and blood flow rate. 
After describing the anatomy of the blood supply of the tibia, we can use this picture and the 
animal model to illustrate the result of the experiment. It was found that the conductance of 
the graft had a relation with the blood flow rate in the healing process and each group had the 
same evidence showing the higher the conductance of graft the higher the blood flow rate. 
But, there were several limitations or problems in this experiment to be needed for further 
discussion: 
(1). Low blood flow rate in the grafts 
There was only a descending nutrient artery for blood supply which was of less amount to the 
graft coming from the metaphysis. However, it was also designed for providing one-way blood 
flow, from the proximal through graft to the distal, which was the aim of the experiment. By 
the result, especially the 4 and 7 weeks groups, the blood flow rate of the graft was not high at 
all when compared with the proximal osteotomized tibia. Firstly, it can be noted that the large 
amount of microspheres were trapped in the revascularization loop of the capillaries in the 
proximal end. Secondly, the extraosseous blood supply from surrounding fascia! tissue was 
blocked by the silicone tubing and it may become very extensive as healing of fracture 
progress49• Lastly a great amount of blood flow had bypassed from the external large callus. 
Fortunately, a certain amount of blood supply still provided from the descending nutrient 
artery and made the grafts of different conductance with different degree of vascularization 
which was quantified by the sensitive isotope scan method. Moreover, each group had the 
same evidence showing the higher the conductance of graft the higher the blood flow rate. 
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(2). Duration taken for establishing vascularization in the grafts 
The exact timing of initial graft vascularization was not clear in this experiment; but, at least, 
blood flow could be checked in the graft with high conductance (> 2.5 x 1 0 - 9 m 3 / s / P a ) f o u r 
weeks after operation. The phase of vascularization slow down when compared to the 
autograft which can complete the revascularization process within two weeks. The treated bone 
implant do not have osteogenic properties and they only facilitate osteoconduction which is 
dependent on the presence of an ideal microenvironment for osteogenesis and is probably 
influenced by the conductance property of the bone implant. Other factors might be related to 
the blood supply problem which have been discussed as above. 
(3). Some technical problems 
i). The maximum conductance in the 9 weeks group was not larger as other groups (see Table 
4.3). When obtaining a graft with very high conductance, the length must be short enough (e.g. 
< 0.25cm) and the porosity must be high. Nine weeks after operation, the thin graft became 
distorted due to the trabeculae absorption and new bone ingrowth which lead the graft (actually 
it already became a part of the host ！) difficult to separate from the host tibia for the counting 
of radioactivity. Such technical problem interpret why the maximum conductance of the 9 
weeks group was not larger than the other groups. Moreover, a doubtful data (conductance = 
2.6 x 10-9m3/s/Pa) in the 9 weeks group (the highest relative blood flow value, see Fig. 3.4) 
can be used to explain the phenomenon of abrupt blood flow rate when graft was short in 
length (0.21cm) and under a long period (9 weeks) of healing process. Of course, we could 
make a graft with high conductance but long length, but it was difficult to find this type of graft 
yet. However, this problem would not change the important assumption that the higher the 
conductance of the graft the higher the blood flow rate，but this limits the conductance range of 
the 9 weeks group for comparison to other two groups. 
ii). The variability of the blood flow rate especially the maximum value between the 4 and 7 
weeks groups (see Table 4.3) was also a problem. It could be due to the deviation of the 
method and the small number of animal subjects. 
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Table 4 3 
G r o u P Conductance range Relative blood flow rate 
X 10- 9m 3/s/Pa range 
4 w e e k s 1-1-6.3 Q.QQ - 5.59 
7 w e e k s 0 . 0 - 6 . 0 0 . 0 0 - 1 . 5 4 "‘ 
9 w e e k s 0.0-2.6 0.00- 16.62 
4丄4 Comparison of length, porosity and conductance as the parameter on graft healing 
In general, the shorter the length or the hihger the porosity, the higher the conductance, but 
such idea is not entirely true in any case. There are so many factors affecting the permeability 
of a cancellous bone and the length or porosity is one of the factors only. Indeed, from the 
results of histological and blood flow studies, it was revealed that length and porosity were not 
considered as a good parameter for predicting the degree of graft healing, but comparing with 
the conductance which was showed more notable. From the results of determining the 
thresholds when conductance, length and porosity were chosen as the parameters (Fig.3.2a-c). 
It was noticed that a threshold could be found from each group when conductance as the 
parameter but no thresholds could be found from the graphs whether the length or porosity as 
the parameter except the 4w groups of them. Similarly, as considering the relationship 
between the (i).conductance, (ii). length, (iii). porosity and blood flow rate in the grafts, there 
showed a quite strong proportional relationship between the conductance and blood flow rate 
of the grafts (Fig.3.6a-c). However, no clear correlation of the length or porosity to the blood 
flow rate of the grafts could be found (Fig.3.7a-c & 3.8a-c). 
Here shows two extreme examples to explain why the length or porosity cannot be chosen as 
a good parameter: 
(1). Graft with short length but low conductance : Generally, length of grafts less than 0.3 cm 
had conductance higher than the threshold. However, there were five cases in the histological 
study(refer to the Table 3.2: 4w-no.5, 7w-no.,6,7,8 & 9w-no.5) where the length of the grafts 
measured less than 0.3cm, the conductance was less than the thresholds and all of them 
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non-viable. These graft might have a lower porosity, or the trend of trabecular orientation not 
parallel to the flow direction. 
(2) Graft with growth plate: This kind of graft is of zero conductance but have certain degree 
of porosity and all of them became non-viable and no blood flow could be found whatever the 
timing of healing. According to the traditional concept, cancellous bone provides pores for the 
ingrowth of new bone but how could such a graft with pores but zero conductance become 
viable or establish vascular supply as was shown both from the histological and blood flow 
studies is not clear. 
Finally, we believe that flow conductance, a kind of physical property, of a cancellous graft is a 
good parameter for predicting the result of graft healing. A diagrammatic picture can be used 
for summarizing this part of discussion as follows: 
Fig. 43 Diagram show;ng tJu big circle represenling the cOMuctance which acts likt tM sum 0/ other . 
/aclors(small circles) in influencing graft healing; or il represents the more accurate par~ter ,n 
predicting graft healing when compared to tM length, porosity or other factors. P : Poros,ty, T: 
Trabecular ori£nlalion" S : Size of the graft· 
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4 2 Dl'scussion on human bone specimens study 
It was showed that no significant difference was found in the pemieability of the anterior ilium 
either in the drilling direction of superior-inferior or anteroposterior. However, there was a 
difference between that of superior-inferior and lateral-medial direction of the femoral head 
specimens. It may be explained by the trabecular orientation of the cancellous bone which is 
affected by the loading force on that structure. Since the anterior ilium bears no loading force, 
the trabeculae are formed in random orientations whereas the femoral head bears load and the 
trabeculae are aligned in a complex orientation in response to the forces which the bone is 
subjected to (Fig. 4.4). This phenomenon was used to demonstrate why different drilling 
directions made different permeability in the femoral head. Additionally, the high porosity of 
anterior ilium made itself a higher permeability when compared with femoral head. Therefore, 
different anatomical sites and drilling directions of the cancellous bone may have different 
permeability which is believed as one of the factors affecting graft healing. The main interest of 
this experiment is not to prove that the permeability of anterior ilium is greater than that of 
femoral head, but to emphases that different anatomical sites and drilling directions of 
cancellous bone may result in different permeability. And this point was rarely considered 
when surgeons use autograft or allograft for bone transplantation in the past. 
Compared the anterior ilium and femoral head, it is known that the anterior ilium is frequently 
chosen in clinical situations and the result is almost satisfied. Can the high permeability of 
anterior ilium really explain why good result was often obtained in bone transplantation when 
such kind of grafts are adopted? In addition, the drilling directions in bone harvesting is not 
cared by many surgeons. And the result of this study showed no difference between the 
permeability of specimens with neither in superior-inferior nor anterior-posterior directions. 
Fortunately, because of no difference of the permeability no matter how the drilling direction 
is, the ignorance of such procedure does not regard as important. 
Besides, femoral head is also available for clinical use but it is less used in block form 
structure. From this study, it revealed a lower permeability when compared with the anterior 
ilium. May such weakness result a less satisfied outcome of bone healing? Moreover, owing to 
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the different penneability relating to different drilling directions. So the ignorance of bone 
drilling direction in bone harvesting should be avoided. To get a higher penneability of 
specimen in a femoral head, we suggested that the drilling direction perpendicular to the 
growth plate is better than parallel to the growth plate. 
The physical property, conductivity, of a cancellous bone may offer one more possible 
explanation in understanding the complicated bone incorporation process. In fact, we have 
mentioned just now that the iliac crest is better than femoral head for bone transplantation 
when the penneability is considered as the main factor. However, such comparison is not 
trough all aspects and other physical factors should be considered such as the mechanical 
strength. Alternatively, when the single factor, mechanical strength, is considered as the main 
factor, it is believed that the result of bone regeneration may be better when femoral head is 
used because of its higher mechanical strength providing certain stability for graft healing. 
Fig.4.4 The trabecular orienlation 
of a femoral head and neck 







4-3 General discussion 
4.3.1 The limitation of the animal model 
Initially, the animal model was designed for the purpose of proving the flow conductance of 
cancellous bone grafts as an important physical property related to graft healing. To test the 
conductance of the grafts and behavior while transplanted to the tibia of rabbit, a cylindrical 
shape of cancellous bone surrounded by a tight silicone tubing was made to satisfy the 
conditions. As a result, the animal model was not good enough for providing sufficient blood 
supply and stability. These weak points were fully recognized after a large amount of work 
had been done but fortunately the results were found to be still acceptable, so we decided to 
continue the experiments. We think the most unexpected outcome is the delayed fibrous union 
due to the poor blood supply49 and certain degree of instability may be responsible. Moreover, 
the most disappointing matter was the failure of internal fixations which made the callus soft 
and such unstable condition caused delayed union. This unexpected results were not included 
in analysis and could perhaps be corrected by careful surgical technique. The stability, 
however, would not be perfect with unproved surgical technique because of the animal design. 
For future studies on this topic, some suggestions are given as follows: 
(1). To improve the stability of internal fixation by changing or adding strong fixation 
instrument e.g. screws were used (their passage across the medullary cavity does not 
significantly disturb the circulation because the medullary arteries and arterioles run 
longitudinally and form a good network49). 
(2). To improve the blood supply by changing the operated site e.g. the metaphysis (where a 
great amount of blood supply is provided). 
(3). To improve the degree of union by extending the time of graft healing e.g. greater than 9 
weeks. 
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4.3.2 Some problems related to the clinical aspects 
The work of this experiment is expected to have some contributions to clinical situation 
especially the bone fusion surgery. Generally, three kinds of bone grafts (autografts, allografts 
and bone substitute) can be used in bone transplantation. These types of grafts will be referred 
to in our coming discussion. 
(1). Autograft: This kind of graft is commonly used in clinical situation and have excellent 
results due to the strong osteogenic property and high compatibility. Such grafts do not need 
any conductance testing because the process will damage the osteogenic cells inside the bone 
marrow. However, if the porosity and trabeculation of special autografts are known, those with 
favourable conductivity could be chosen to ensure good outcome of vascular re-establishment, 
henceforth graft incorporation. 
(2). Allograft: To reduce the immune reaction, many grafts are treated (e.g. freezing and 
frozen) before transplantation. In the treating process, a conductance testing can be done and to 
find out whether this physical property will be favourable for graft healing. This provides a 
scientific basis for a preoperative measurement of the suitability of the graft. 
(3). Bone substitutes: They consist of many types and are becoming more commonly used. 
However, no one has applied the conductance concept to this kind of graft. Surely, they can be 
tested for the conductance before application. For instance, some commercial bone substitutes 
label the physical property such as mechanical strength and porosity. As we know from this 
study, porosity is not a good parameter in predicting the effect of graft healing, but we believe 
that conductance, the important physical property of cancellous bone graft, could be a better 
parameter. 
Although the animal model was not much different from the spinal fusion surgery especially 
when the tricortical cancellous bone is used, we cannot directly apply the results from this study 
in the clinical situation. For instance, to get a higher conductance of a bone graft, a shorter 
length should be considered. But in bone fusion surgery, a certain width of the bone graft 
should be needed for providing space in rebuilding the transplantation site. As a result, we 
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should measure these two factors equally. Finally, it had only revealed that high conductance of 
the grafts had a positive effect on graft healing or vascularization even under poor 
environmental condition in the animal model. Whether this phenomenon would be true in the 
clinical situation requires a large amount of work to be done in the future. 
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CHAPTER FIVE : CONCLUSION 
To investigate the process of bone graft regeneration by means of molecular biology was a 
popular topic in recent several decades, but only few investigators had put effort on the 
research of such biological event in a bio-physical approach. In this project, we have attempted 
to investigate the effect of the physical property, conductivity, of cancellous bone graft on graft 
healing and this influence of grafts with different conductivity was assessed mainly by 
histological examination and blood flow study. An rabbit model was designed for comparing 
the outcomes influenced by grafts with different conductivity. The results are concluded as 
follows: 
(1). Histological study: the higher the conductivity of the graft, the better the union (or bone 
incorporation) of the host-graft structure. 
(2). Blood flow study: the higher the conductivity of the graft, the higher the rate of 
blood flow in the graft. 
On the other hand, the permeability of human cancellous bones of different regions showed 
significant difference between anterior ilium and femoral head. Moreover, the different drilling 
directions resulted significant difference in femoral heads but no significant difference ID 
anterior ilium. The results are concluded in the following (details see 3.2): 
IANPO > 
I SUIN: Perl1'UUlbility of anterior ilium with superior-inferior tiTilling direction 
I ANPO: Perl1'UUlbility of anterior ilium with anterior-posterior tiTilling direction 
F SUIN: Permeability offemoral head with superior-inferior drilling direction 
FlAME: Perl1'UUlbility offemoral head with lateral-medial tiTilling direction 
Since the high conductivity of grafts were showed effective in graft healing from the animal 
experiment, the findings of permeability difference of human cancellous bones became 
important then. An extended planning should be set out by exploring and improving the animal 
experiment for strengthening and understanding the real picture of this biological effects. 
Moreover, different kinds of bone grafts with known conductance can be tried to evaluate the 
effect on bone transplantation in clinical aspect and the results can be examined by simple 
methods such as X-ray and the improvement of symptoms after operations. Of course, many 
technical problems should be overcome first, but it is out of scope here. 
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Apart from knowing the difference of permeability of human cancellous bones in different 
regions or drilling directions, the age and sex of the patients or cadavers should be one of the 
factors influencing the permeability of the bone grafts. Therefore, a larger amount of data 
should be collected in comparing the changes of permeability of bone specimens in different age 
and sex. 
Eventually, the work of this project is still in an immature stage and a lot of limitations and 
weakness should be improved. But it is expected whether the concept of conductivity of a 
cancellous bone graft will be applied on clinical aspect in some days. We hope that this is the 
first step to carry out the message to induce more investigators to think about such potential 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 2: data of human specimens study 
, C S U , N ICANPO FHLAME FUOM,M pc^ty permeability porosity porosity permeabiiity poro^ permeability 
= = 二 二 _ I 趣 0.645 (MA62)70E-06 
] - 3 7 £ - ° 5 ° - 4 5 8 168E-05 0.68 9.58E-06 0 587 1 I ^ F ^ 二 oVa^ 0 428 樓邮 0 5 4 8.07E^ 6 0^3 25^5 
0.512 2.19E-05 0.48 3.45E-06 0.449 613E-07 0 716 TQP^ 
2.29E-05 奮-奮 1.82E-05 。.5(L 1 ^ 7 077 N O ^ 5 
0.792 3.32E-05 0.537 2.74E-05 0.391 6 34E^7 0 687 
1 - ^ - 0 5 0.602 3.11E-05 。 ‘ 二 認 涊 諡 
二 0 5 0 2 0.33 1.05E-07 0：661 
0.731 3.56E-05 0.629 1.80E-05 0.496 3.63E-07 0 609 6 
0.674 3.18E-05 。.594 2.35E-05 。.6 3 :骂 Q ^ U L L F S 
0.598 1.17E-05 0.799 9.08E-06 0.631 6 33E-06 
0.54 8.03E-06 0.69 8.08E-06 0.709 1 13E-05 
0.589 1.52E-05 0.79 1.05E-05 0.716 1 83E-05 
0.495 5.38E-06 0.335 1.14E-07 0.68 9 34E-06 
0.675 2.94E-05 0.539 2.76E-06 0.736 1 05E-05 
0.48 8.21 E-06 0.547 6.67E-06 0.665 1 04E-05 
0.537 1.01E-05 0.485 1.67E-06 0.718 1 79E-05 
0.627 2.73E-05 0.548 4.84E-07 0.678 1 79E-05 
0.598 3.24E-05 0.72 1.27E-05 0.63 4.94E-06 
0.631 7.68E-06 0.67 1.14E-05 
0.686 9.24E-06 0.442 1.05E-05 
0.637 7.53E-06 0.407 5.08E-06 
0.647 3.21 E-06 0.614 8.53E-06 
0.563 4.02E-06 0.419 9.22E-06 
0.386 3.13E-06 0.577 9.70E-06 
0.605 3.13E-06 0.641 1.34E-05 
0.688 7.24E-06 0.483 7.69E-06 
0.68 9.58E-06 0.421 7.47E-06 
0.54 8.07E-06 0.521 1.28E-05 
0.449 6.13E-07 0.662 1.42E-05 
0.508 6.56E-07 0.414 2.65E-07 
0.391 6.34E-07 0.698 6.80E-06 
0.392 6.33E-07 0.537 2.18E-06 
0.33 1.05E-07 0.576 1.51E-05 
0.496 3.63E-07 0.36 3.51 E-06 
0.6 3.96E-06 0.552 3.08E-06 
0.799 9.08E-06 0.666 8.00E-06 
0.69 8.08E-06 0.784 2.28E-05 
0.79 1.05E-05 0.775 1.91E-05 
0.335 1,14E-07 0.759 3.37E-05 
0.539 2.76E-06 0.5 1.31E-05 
0.547 6.67E-06 0.535 1.31E-05 
0.485 1.67E-06 0.637 1.92E-05 
0.548 4.84E-07 0.62 1.47E-05 
0.72 1.27E-05 0.613 3.13E-06 
0.631 7.68E-06 0.488 1.36E-05 
0.686 9.24E-06 0.561 1.32E-05 
0.637 7.53E-06 0.404 1.07E-05 
0.647 3.21 E-06 0.628 1.25E-05 
0.563 4.02E-06 0.466 6.14E-06 
0.386 3.13E-06 0.498 4.71 E-06 








ICSUIN: superior-inferior drilling direction in an iliac crest bone 
ICANPO: anterior-posterior drilling direction in an iliac crest bcme 
FHLAME: lateral-medial drilling direction in a femoral head bone 
FHSUIN: superior-inferior drilling direction in a femoral head bone 
Appendix 3： Data of human specimens 
^E/SEX DIAGNasiS I SQimrp 
熙 園F Bone Bank _ 
^ # N O F Bone Bank 
i N Q F Bone Bank 
#NOF Bone Bank 
^ £NQF Bone Bank 
#NOF 一 Bone Bank 亚 #NOF Bone Bank ~ 
#NQF Bone Bank 
1 巡 #NQF Bone Bank 
1 # N O F Bone Bank 
^ M #NOT Bone Bank 
32/M Traffic accident Cadaver 
Pulmonary embolism Cadaver 一 奮M Unknown Cadaver 口/F Traffic accident Cadaver 
22/M Perforated duodenum Cadaver 
48/M Traffic accident Cadaver~ 
Unknown Cadaver 
81/M Acute cholecystitis Cadaver 
62/M Traffic accident Cadaver 
67/M Myocardial infarction Cadaver 一 
49/M Lymphoma of stomach Cadaver 
N.B. #NOF: Fracture of femoral neck. 
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